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Numerical Model Analysis of the Effects of Ground-Water Withdrawals on
Discharge to Streams and Springs in Small Basins Typical of the

Puget Sound Lowland, Washington

By David S. Morgan and Joseph L. Jones

ABSTRACT

A numerical ground-water flow model of a hypotheti-
cal basin was constructed and used to investigate the
effects of ground-water withdrawals on rates of natural
discharge to streams and springs in small basins of the
Puget Sound Lowland. Definitions of the topography,
geology, drainage, and climate of the hypothetical basin
were based on the features of typical small basins in the
Puget Sound Lowland. This information was used to con-
struct a 13-layer numerical ground-water flow model
capable of simulating water levels, hydraulic gradients,
and discharge to streams and springs. Three sequences of
glacial drift and interglacial deposits were simulated in the
model; each sequence consisted of recessional outwash,
till, advance outwash, and fine-grained interglacial sedi-
ments. Alluvial sediments of the major stream valleys and
undifferentiated glacial and interglacial deposits were also
included in the model. The model was calibrated by com-
paring simulated hydrologic conditions with expected
conditions and making adjustments to values of hydraulic
characteristics as needed. The model was calibrated to
predevelopment conditions (those prior to pumping), and
then used to simulate the effects of pumping on natural
discharge to streams and springs. Seven series of simula-
tions were made to investigate the effects of (1) distance
from the well to a stream, (2) the presence of confining
layers, (3) pumping rate, (4) depth of the pumped aquifer,
(5) distance from the well to a bluff, (6) well density, and
(7) recharge rate.

The discharge of wells pumping from unconfined out-
wash aquifers on the drift plains is derived almost entirely
from capture of natural discharge to nearby stream
reaches. Increasing the lateral distance between the well
and stream caused more of the well discharge to be cap-
tured from other streams on the drift plain. Pumping from
aquifers separated from the stream by one or more confin-
ing layers caused a reduction in the effects of pumping on
discharge to nearby streams that was offset by an increase
in the effects on discharge to more distant streams and
springs. The percentage of well discharge captured from
springs on the bluff was sensitive to the distance of wells

from the bluff. Simulations also showed that increased
well density caused greater water-level decline locally,
but, at equilibrium, did not affect the extent of the area
affected by reduction of natural discharge to streams and
springs. Finally, decreased recharge in areas where devel-
opment had created impervious surfaces had a direct effect
on the natural discharge rates to streams and springs.
Increased recharge, however, increased natural discharge
and offset the effects of well withdrawals. Further analy-
sis of the time-dependent effects of withdrawals would
provide additional insights, but would require the develop-
ment of a transient version of the model.

INTRODUCTION

The effects of ground-water withdrawals on stream-
flow have become an important issue in the Puget Sound
Lowland of western Washington. Surface-water resources
are fully allocated in many parts of the region where popu-
lation growth has increased the demand for water, and
future growth will most likely depend on the availability
of ground water. The purpose of this study was to gain a
better understanding of the relations and interactions
between ground-water and surface-water systems in small
basins of the Puget Sound Lowland. It was also hoped that
this study, conducted in cooperation with the Washington
State Department of Ecology (Ecology), would identify
some of the important factors controlling the response of
the systems to ground-water withdrawals.

Background

In western Washington, as in many areas of the
United States, water users, developers, and regulators are
confronting questions about the effects of ground-water
withdrawals on ground-water levels and streamflow. Reg-
ulators, such as Ecology, are charged with the responsibil-
ity of limiting these effects to acceptable levels. This task
generally requires the regulators to analyze the effects of
proposed ground-water withdrawals on streamflow and
spring discharge. The site-specific data on geology,



ground water, and streamflow to support these analyses are
usually not readily available and can be costly to collect.
Over the years, many methods have been devised to esti-
mate the response of surface-water systems to ground-
water withdrawals, ranging from relatively simple analyti-
cal methods, such as the one advanced by Jenkins (1970),
to site-specific transient three-dimensional numerical
models. The drawbacks of these methods are that they are
either too simplistic to be applied in the complex hydro-
geologic environments found in the Puget Sound
Lowland, or that they are too costly, time consuming, and
their results are not transferable between basins (for exam-
ple, site-specific models). The difficulty in finding a suit-
able means of estimating ground water-surface water
interactions stems in part from the irregular nature of the
quasi- layered glacial deposits. The complex assemblage
of these deposits makes numerical simulations, analytical
solutions, and intuitive assessments difficult to apply and
interpret. The inherent difficulty in assimilating the many
factors involved in ground water-surface water interac-
tions makes the issue of ground-water rights versus sur-
face-water rights one of the most intractable problems
facing water-supply managers and regulators.

A large part of the flow of streams originating in the
Puget Sound Lowland consists of ground water discharged
from aquifers of unconsolidated Pleistocene glacial out-
wash deposits. This part of streamflow is termed base-
flow. The water in these streams is used for drinking
water, irrigation, and industry, and is appropriated (legally
"set aside") for water users through a permit system
administered by Ecology. Withdrawals from many
streams are limited by State regulations that prohibit users
from withdrawing water when the stream has receded to a
prescribed minimum acceptable flow. The minimum
flows were established so that enough water remains in the
stream to allow for the passage of anadromous fish (for
example, salmon), the dilution of wastes, and other
instream uses. In most cases, the total amount of water
that has been appropriated from a stream exceeds the
amount available (the amount in excess of the minimum
acceptable flow) during periods of low flow, and many of
these streams have been closed to further appropriation.
Nevertheless, the population continues to increase in the
Puget Sound Lowland, and in areas where streamflow is
no longer available, water managers, developers, and indi-
viduals in need of new water supplies are requesting
ground-water-withdrawal permits from the State. There is

concern that development of ground water as a water sup-
ply may lower ground-water levels and consequently the
baseflow of streams in some basins. This would reduce
the availability of surface water to existing users and could
reduce baseflows to levels below the established minimum
flow during some periods. In order to allow development
of ground-water resources while ensuring acceptable
amounts of baseflow in regulated streams, Ecology needs
to estimate the potential for a proposed withdrawal to
reduce baseflows.

Purpose and Scope

The purpose of this report is to describe the results of
a study to improve the fundamental understanding of
ground-water flow and the effects of ground-water with-
drawals on ground-water discharge to streams and springs
in small Puget Sound Lowland basins. The specific objec-
tives of this study were (1) to develop a generalized con-
ceptual model of the hydrogeology of basins in the Puget
Sound Lowland; and (2) to demonstrate the effects of vari-
ous ground-water withdrawal scenarios on the baseflow of
streams originating in these basins—specifically, to evalu-
ate the effects of variations in well location, depth of com-
pletion, and rate of withdrawal on the rate and distribution
of ground water discharged as baseflow. These evalua-
tions will help improve the understanding of ground
water-surface water relations in basins with glacial geol-
ogy typical of western Washington, and provide regulators
a means of assessing the soundness and usefulness of
existing or proposed regulation or permitting schemes.

Description of the Puget Sound Lowland

The Puget Sound Lowland, as defined by Vaccaro
(J.J. Vaccaro, U.S. Geological Survey, written commun.,
1993), is an elongate basin that extends approximately
200 mi along its north-south axis from the Fraser River in
Canada to the southern extent of Pleistocene glaciation
near Centralia, Wash. (fig. 1). The area shown on figure 1
extends from the crest of the Cascade Range on the east
and to the Olympic Mountains and the Straits of Juan De
Fuca and Georgia on the west, and covers about
17,600 mi%. The part of the Puget Sound Lowland under-
lain by Quaternary glacial sediments, which make up the
principal aquifers, was the focus of this study. This part of
the Puget Sound Lowland ranges in width from about 15
to 80 mi and covers an area of nearly 7,200 miZ.






During the Pleistocene epoch, southward moving con-
tinental glaciers covered the lowland numerous times.
Most aquifers and many of the confining layers in the low-
land are composed of unconsolidated sedimentary materi-
als deposited as a result of the glaciers’ passage. The
depositional processes associated with the glaciers pro-
duced the layering which is characteristic in the lowland.
Periods when the glaciers were advancing or retreating are
associated with layered deposits of sand or gravel and till,
and periods when glaciers were not in the area, or far
removed from it, are associated with fine-grained lacus-
trine deposits.

The topography of the lowland has been shaped by
deposition and erosion that has occurred during the 12,000
to 13,000 years since the last glaciation. The lowland is
generally characterized by flat, featureless drift plains that
lie at altitudes of 200 to 600 ft above sea level. In places,
the drift plains have been incised by major stream valleys;
steep bluffs form the boundaries between the drift plains
and the major stream valleys below. The effects of conti-
nental glaciation on the topography of the lowland are evi-
dent in the predominant north-south and northwest-
southeast alignment of lakes, ridges, and major stream val-
leys that were etched by moving ice. As they cross the
drift plains, streams have low hydraulic gradient, but the
gradient steepens as the streams descend from the plains to
the major stream valleys below.

The Puget Sound Lowland has a mid-latitude,
Pacific-coast-marine type climate characterized by warm,
dry summers and cool, wet winters. Mean annual precipi-
tation ranges from about 25 to 60 in/yr, with a mean of
38 in/yr in 26 drainage basins within the Puget Sound
Lowland (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993). Nearly 80 percent of annual precipita-
tion falls between October and March. Summer tempera-
tures range from 60°F to 80°F and winter temperatures
range from 30°F to 50°F.

Where soils are poorly drained, native vegetation
includes fir, cedar, alder, and madrona with an understory
of huckleberry, Oregon grape, salal, and blackberry. On
well-drained soils underlain by coarse-grained outwash
deposits, the dominant vegetation consists of wild grasses,
bracken fern, and scotch broom with patches of fir and
oak.

In 1990, water use in the Puget Sound Lowland was
810 Mgal/d (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993), 21 percent (174 Mgal/d) of which was
ground water supplied by public water systems and
22 percent (178 Mgal/d) of which was ground water from

private water systems. The total ground-water withdrawal
of 352 Mgal/d in 1990 was approximately three times the
amount supplied from ground-water sources in 1965.

Method of Study

Following an extensive review of the literature on the
hydrogeology of the lowland, a conceptual model of a
small basin was developed that incorporated all of the
most significant hydrogeologic characteristics. These
characteristics included the glacial stratigraphy unique to
the region, the drift plain-bluff-valley topography created
by the glaciation and subsequent fluvial erosion and depo-
sition, and the stream networks that provide the surface-
water and ground-water drainage for the systems.

References to the many studies of the geology and
hydrology of the Puget Sound Lowland can be found in a
bibliography compiled by Jones (1991) as part of a
regional aquifer system analysis (RASA) carried out by
the U.S. Geological Survey. Vaccaro (J.J. Vaccaro,

U.S. Geological Survey, written commun., 1993) summa-
rizes many of the results and conclusions from the RASA
study, including analyses using cross-sectional numerical
models in various hydrogeologic settings in the Puget
Sound Lowland. This work provided much of the basis
for the conceptual model used in the study. The findings
of Dion and others (1994) for northern Thurston County
and Woodward and others (1995) for southwestern King
County also greatly influenced the conceptual model.

The criteria used in developing the conceptual model
of the basin were (1) the basin had to be defined in suffi-
cient detail to incorporate the salient features that control
ground-water flow, and (2) the definition had to be general
enough to be representative of a typical lowland basin.
Attaining a balance between simplicity and detail in the
conceptual and numerical models was key to producing
useful results from the model analysis. Whereas detail
was required to provide realistic boundary conditions,
simplicity was essential for interpretation of cause and
effect relations from model results.

A scale was chosen for the basin that would allow
analysis of ground-water development scenarios ranging
from single-well, local-scale withdrawals to multiple-well,
basin-scale withdrawals. The physical attributes of the
hypothetical basin, including topography, geology, and
drainage, were then synthesized on the basis of the con-
ceptual model. The conceptual model provided the guide-
lines such as the altitude and slope of the land surface,
stream gradients and tortuosity, and thickness and extent



of geologic layers. The spatial data describing the basin
were compiled, checked, and stored in digital form using a
geographic information system (GIS); this system was
later used to create the data files needed by the numerical
ground-water model and to store, display, and analyze the
results of the model.

Initial estimates of recharge, hydraulic characteristics,
and boundary conditions used in the model were based on
typical values found by previous investigators in the Puget
Sound Lowland. Most of these values were modified dur-
ing calibration to make the hydrologic conditions simu-
lated by the model more closely match conditions found in
small Puget Sound Lowland basins; modifications were
generally minor and always left the model parameters well
within the range that would be expected in the Puget
Sound Lowland for similar conditions or materials. The
model was calibrated for predevelopment, steady-state
hydrologic conditions. The parameter-adjustment process
was completed when the simulated conditions matched
expected conditions within tolerable limits.

The hydraulic heads and discharges to streams and
springs simulated by the predevelopment, steady-state
model represented the baseline hydrologic conditions used
in the analysis of the hydrologic response of the hypotheti-
cal basin to ground-water development. Seven series of
simulations were designed to analyze the effects of spe-
cific development variables, such as well depth or distance
from a stream, on the response of the ground-water sys-
tem. The response of the system to each scenario was
evaluated by comparing simulated heads and ground-
water discharge to streams and springs with those from the
baseline model. The location and magnitude of reductions
of natural ground-water discharge to streams and springs
and the extent and magnitude of water-level declines were
compared for each series of simulations. A total of 30
simulations were made in 7 series.
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HYDROGEOLOGIC CHARACTERISTICS
OF TYPICAL SMALL BASINS IN
THE PUGET SOUND LOWLAND

The many factors that control the movement of water
within a small basin are, in this report, collectively
referred to as the hydrogeologic characteristics of the
basin. The most important characteristics are the topogra-
phy of the land surface, the nature and extent of hydrogeo-
logic layers that ground water must move through, and the
quantity of precipitation that percolates through the soil to
recharge the ground-water system. These factors play the
largest part in determining the direction, rate, and quantity
of water moving through the hydrologic system of a basin.
This study focused on the effects that these factors have on
the exchange of water between the surface and
ground-water systems of the basin. In the following sec-
tions, these factors are described for basins typical of the
Puget Sound Lowland and, more specifically, for the hypo-
thetical basin that was defined for this analysis. The dis-
cussion is completed by describing the movement and
modes of discharge of ground water in small Puget Sound
Lowland basins. Finally, the source of water to pumped
wells is reviewed as a preface to discussions of model
results.

Topography

The Puget Sound Lowland is characterized by exten-
sive plains of glacial drift, typically 200 to 500 ft above
sea level, which have been incised by meltwater from con-
tinental and alpine glaciers and by the major streams
draining the surrounding mountainous areas. The valleys
containing these major streams are typically 10 to 30 mi
apart and their floors are at altitudes of less than 100 ft.
Smaller tributary streams originating on the drift plain cut
smaller valleys into the bluffs that bound the plains. The
gradient of these smaller streams is on the order of
80 ft/mi on the upland and 250 ft/mi where they descend
to the lower valley at the edges of the drift plains. All of
these features were incorporated in the hypothetical basin
(fig. 2) of this study.















Table 1.--Summary of reported thicknesses of hydrogeologic layers in the Puget Sound Lowland, Washington

[--, no value given]

Range of thickness, in feet

Recess- Inter-
ional Advance  glacial
outwash Till outwash sediments
Reference Location Qr) (Qt) (Qa) (QfH)
Mundorff and others (1955) Yelm area - 115-20 127 -
Sceva (1957) Kitsap County - 230 - 2100
Liesch and others (1963) Northwest King County 0-100 3150 2220 200
Garling and others (1965) Kitsap County -- 31-50 0-300 1-200
Noble and Wallace (1966) Thurston County 125 - 130 150
Walters and Kimmel (1968) Pierce County 460 5-30 25-50 380
Easterbrook (1968) Island County 0-130 3-175 -- --
Luzier (1969) Southwest King County 130 0-80 0-300 3100
Molenaar and Noble (1970) Southeast Mason County 130 10 3200 115
Livingston (1971) King County -- 5-20 -- --
Jones (1985) Island County 245 - 240 --
Dion and others (1988) Bainbridge Istand 10-50 140 130 70-90
Dion and others (1994) Thurston County 20-50 30-50 25-75 30-120
Vaccaro (written commun., 1995) Puget Sound Lowland 10-40 20-40 40-50 40-65
This study Hypothetical Basin 10-50 10-50  10-115 10-150
129 125 136 160

! Author’s estimate of average thickness.

%Estimate of average based on reported values.
g P

3Maximum value.

“Local (single) observation.

Vaccaro (J.J. Vaccaro, U.S. Geological Survey, writ-
ten commun., 1993) examined estimates of hydraulic
characteristics from 17 investigations for the various
hydrogeologic layers in the Puget Sound Lowland. He
found that the wide range of depositional settings in the
region has resulted in an equally wide range in the hydrau-
lic conductivity of the glacial and interglacial deposits.

Coarse-grained alluvium in the major stream valleys
can have hydraulic conductivities ranging from 35 to
700 f/d; however, values of 200 ft/d are more typical.
Where finer-grained alluvium occurs, it is typically a
fine-sand with silt and clay and has hydraulic conductivity

10

values of about 1 to 15 ft/d (J.J. Vaccaro, U.S. Geological
Survey, written commun., 1993). Both advance and reces-
sional glacial outwash deposits have hydraulic conductiv-
ity values ranging from about 15 to 50 ft/d if they are
predominately sand. Values of 100 ft/d are more typical
for deposits containing significant fractions of gravel.

The hydraulic conductivity of till in the Puget Sound
Lowland varies greatly. Permeameter measurements of
hydraulic conductivity range from 0.0002 to 53 ft/d (J.J.
Vaccaro, U.S. Geological Survey, written commun.,
1993). Both this range and the median, 0.12 ft/d, are simi-
lar to values reported for till in southern New England,



where the range and median were 0.00023 to 96 ft/d and
0.3 ft/d, respectively (Melvin and others, 1992). Little
information is available to quantify the hydraulic conduc-
tivity of the fine-grained interglacial deposits; however,
Vaccaro (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993) suggests a range of 0.00001 to 1.0 ft/d,
depending on the location and proximity to the source area
of the sediments.

Ground-Water Recharge

Most ground-water recharge is derived from infiltra-
tion of precipitation and percolation through the soil zone
and variably saturated sediments to the water table. In
areas where streambeds are above the water table, down-
ward leakage through the streambed and percolation to the
water table also contributes to recharge. Finally, in areas
where on-site waste disposal systems are used, effluent
from these systems also contributes to recharge.

Recharge from infiltration of precipitation has
been investigated in several studies in the Puget Sound
Lowland. Woodward and others (1995) used a daily
water-budget model to estimate ground-water recharge to
eight basins in southwest King County. The model,
referred to as the Deep Percolation Model (DPM), com-
putes the amount of water that percolates below the root
zone after runoff and evapotranspiration are deducted
from precipitation (Bauer and Vaccaro, 1987). Dinicola
(1990) also used a daily water-budget model to estimate
recharge in 33 basins within the Puget Sound Lowland.
Vaccaro (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993) summarized the ground-water recharge
estimates from these studies and the apparent controlling
factors on recharge in the Puget Sound Lowland.

Most of the variability in recharge in the Puget Sound
Lowland can be attributed to three factors: precipitation,
surficial geology, and land use and cover (J.J. Vaccaro,
U.S. Geological Survey, written commun., 1993).
Dinicola (1990) found that where fine-grained glacial till
or mudflow deposits were exposed at land surface,
recharge rates were much less than where coarse-grained
outwash deposits were exposed. After infiltrating through
soils in areas underlain by till, most water generally moves
laterally along the top of the till until it intercepts a stream
channel or land surface. In contrast, where outwash
deposits are exposed or immediately underlie the soil,
water can freely percolate to the water table. The type of
land use and cover controls the amount of precipitation
that is lost to evapotranspiration and runoff. Deciduous
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and conifer forests, grasses, and other types of vegetation
have varying water requirements that will affect the
amount of water available for recharge. The most impor-
tant land use or land cover in terms of its effect on
recharge is impervious area. Impervious area is generally
associated with urban development and includes streets,
roofs, driveways and parking lots. Nearly all precipitation
that falls on these areas either runs off or evaporates
directly. The runoff may be routed either to sewers,
ditches, or drywells, and subsequently none, some, or all
of the runoff may eventually become recharge.

The mean annual precipitation in the 26 basins whose
water budgets are summarized by Vaccaro (J.J. Vaccaro,
U.S. Geological Survey, written commun., 1993) ranges
from 25 to 61 in/yr. Estimated evapotranspiration and
runoff ranged from 12 to 21 in/yr and O to 22 in/yr, respec-
tively. Baseflow ranged from O to 22 in/yr. The range of
recharge estimates, 5 to 29 in/yr, reflected the wide ranges
of precipitation, evapotranspiration and runoff found in
the Puget Sound Lowland.

Vaccaro used regression analysis to determine statisti-
cal relations between mean annual precipitation and
recharge. The following equations were derived for areas
where outwash and till are exposed at land surface:

Outwash areas:

R

(0.838P) —9.77 , (1)

Till areas:

=
1l

(0.542P) - 6.06 , )

where R is mean annual recharge in inches per year, and
P is mean annual precipitation in inches per year. Vaccaro
(J.J. Vaccaro, U.S. Geological Survey, written commun.,
1993) used these equations to estimate recharge within the
Puget Sound Lowland. Estimated annual recharge in areas
underlain by till and other fine-grained deposits averages
17.5 in. Estimated annual recharge in areas underlain by
outwash and other coarse-grained deposits averages

35.9 in; the combined average annual recharge for the
entire Puget Sound Lowland is 27 in. These same
equations were used in this study to estimate recharge in
the hypothetical basin.



Ground-Water Movement and Discharge

In this section, the location, quantity, and modes of
discharge from the ground-water system will be discussed,
as well as the pathways for ground-water movement
between recharge and discharge areas. Figure 3 shows the
general directions of ground-water flow in the hypotheti-
cal basin.

Ground-water systems have frequently been catego-
rized according to scale, based on the average length of the
flow path between recharge and discharge areas (Toth,
1963; Freeze and Cherry, 1979). Woodward and others
(1995) have applied the terms local, intermediate, and
regional to flow systems in the Puget Sound Lowland and,
for consistency, these terms will be used in this report.
Local flow systems are characterized by short flow paths
within shallow aquifers with small-scale topography usu-
ally controlling the location of recharge and discharge
areas. At the other extreme, regional flow systems gener-
ally have long flow paths within deeper aquifers and are
controlled by large-scale topographic features like the
Cascade Range and Puget Sound. Intermediate flow
systems fall between these extremes. Regional flow sys-
tems include the flow paths between the Cascade Range
and the Puget Sound that extend mostly through the
pre-Quaternary bedrock. Local flow systems generally
exist within the upper few hundred feet of Quaternary
sediments and recharge is mostly by infiltration of precipi-
tation on the drift plains and discharge is by seepage or
springflow onto small streams on the plains, or to larger
streams in the adjacent major stream valleys. The major
streams act as discharge boundaries to the local flow sys-
tems. Intermediate flow systems comprise the flow region
above the bedrock and below the deepest part of the local
flow system. This arbitrary boundary suggests that there is
inter-basin flow above the bedrock under major stream
valleys. However, the quantity of ground water underflow
between basins defined by local flow systems would be
small (W.E. Lum, U.S. Geological Survey, written com-
mun., 1988).

The uppermost recessional outwash aquifer occurs in
isolated pockets where it was deposited in topographic
lows. Itis generally considered to be a water-table aquifer
where it is thick and saturated (Woodward and others,
1995). The uppermost till is thought to be saturated where
it is overlain by saturated recessional outwash, and at least
partially saturated where it is underlain by advance out-
wash under confined conditions (Woodward and others,
1995). Aquifers beneath the uppermost till are generally
confined except near their edges where they have been
truncated at bluffs and in canyons by post-Pleistocene ero-
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sion. Seepage faces and springs on the bluffs and canyon
walls partially dewater the aquifer for some distance from
the edge of the aquifer (fig. 3); Woodward and others
(1995) suggest that the dewatered zones are typically

0.3 mi wide.

Horizontal Movement

Topography plays an important role in determining
the direction of ground-water flow in the Puget Sound
Lowland; in fact, the surface of the water table is generally
a muted replica of the land surface. A potentiometric sur-
face is an imaginary surface representing the static head of
ground water and is defined by the level to which water
will rise in tightly cased wells. The water table is a partic-
ular potentiometric surface for an unconfined aquifer. The
potentiometric surfaces of deeper, confined aquifers
exhibit less of the influence of topography with depth, but
still are highly controlled by land surface altitude. Ground
water moves laterally from topographically high areas
toward the major stream valleys and small streams that
drain the drift plains. Hydraulic gradient is the change in
hydraulic head (water level) per unit of distance in a given
direction; the hydraulic gradient generally has both hori-
zontal and vertical components. Typical values for hori-
zontal hydraulic gradients (the slope of the potentiometric
surface) range from about 20 ft/mi to 70 ft/mi. Lower
gradients of 10 ft/mi occur in very coarse outwash depos-
its and higher gradients of 100 ft/mi or more occur within
very fine-grained sediments or in areas adjacent to steep
topography; a regional average for the Puget Sound
Lowland of 35 ft/mi has been suggested by J.J. Vaccaro
(U.S. Geological Survey, written commun., 1993).

Vertical Movement

Vertical ground-water flow directions vary with loca-
tion in the basin. In ground-water discharge areas, hydrau-
lic head increases with depth and the direction of the
vertical component of hydraulic gradient, and this flow, is
upward. Conversely, in recharge areas, hydraulic head
decreases with depth and the direction of vertical move-
ment is downward. The upper reaches of small streams on
the drift plains are typical of the discharge areas for local
flow systems. Springs that issue from outwash aquifers
exposed in the stream canyons of the drift plain and on the
bluffs above the major stream valley contribute to the flow
of streams throughout the year (fig. 3). Most of the upper
drift plain, however, is a recharge area and vertical flow is
predominately downward. This concept is supported by
evidence from many studies that show decreasing hydrau-
lic head with depth below land surface (Woodward and



others, 1995; J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993). Depths to water in the uppermost con-
fined outwash aquifers range from a few feet or less near
streams to 50 ft or more away from streams. Data from
wells in the Soos Creek Basin in southwest King County
show that head differences between the uppermost con-
fined aquifer and the next deeper aquifer range from
approximately 40 to 150 ft and that the larger values tend
to occur near the bluffs of the major stream valleys that
border the plain (Woodward and others, 1995).

In the major stream valleys, water levels in deeper
wells are higher than those in shallow wells, indicating
upward flow of ground water and supporting the concept
that the major stream valleys are the principal discharge
areas for the basin. In wells less than 50 ft deep, water
levels are generally a few feet below land surface, but in
wells more than 100 ft deep, water levels are above land
surface.

Discharge

Ground water leaves (discharges from) the flow sys-
tem by various means: discharge to streams, discharge to
springs, evapotranspiration, and withdrawal by wells. In
many areas, a large part of ground-water discharge from
springs may flow into streams and indirectly contribute
to baseflow. In this report, the contributions to streamflow
from direct seepage of ground water through the
streambed (baseflow) and from spring discharge that flows
into the stream are discussed separately; however, the rela-
tive magnitude of the contributions of each is highly vari-
able and difficult to quantify in most field situations.

Baseflow to streams has been estimated by hydro-
graph separation for several small basins in the Puget
Sound Lowland. Woodward and others (1995) estimated
baseflow ranging from 4 to 21 in/yr for eight basins; the
mean baseflow was 11 in/yr (0.81 ft3/s/mi2). Baseflow
in 26 basins in which recharge estimates were made by
Vaccaro (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993) ranged from 0 to 22 in/yr with a mean of
about 14 in/yr (1.03 ft3/s/mi?). Both studies found that
baseflow averaged about 36 percent of average annual pre-
cipitation. Baseflow for specific stream reaches has been
estimated by making gain-loss measurements, but few of
these results have been published. Unpublished gain-loss
data for the Soos Creek Basin in southwest King County
indicate that individual reaches of Soos Creek gain from
0.3 to 3 ft}/s/mi (D. G. Woodward, U.S. Geological
Survey, written commun., 1992). Rates of discharge to
major streams are not available.
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Spring and seep discharge is difficult to quantify over
an entire basin. Individual springs with discharge large
enough to measure often do not make up the majority of
spring discharge in a basin. More typically, most dis-
charge is to small springs and seeps that cannot be directly
measured and are distributed over large areas. Some
investigators have attempted to estimate discharge for
springs that discharge from the bluffs above major stream
valleys in the Puget Sound Lowland. Woodward and oth-
ers (1995) reported estimates ranging from 0.01 to
0.27 ft3/s/mi, based on spring inventories done by Luzier
(1969). These estimates do not include discharge to seep-
age faces along the bluffs. Woodward and others (1995)
suggested that this diffuse discharge could be estimated
using potential evapotranspiration (PET) as an index.
Phreatophytes are plants whose roots draw water from
below the water table. If 25 percent of a 350 ft high bluff
is wet or covered by phreatophytes, discharge can occur
over an area of 462,000 ft>/mi. If this area is assumed
to transmit water to the atmosphere at the PET rate of
27 in/yr, then the total annual discharge would be
1.04 x 10° f63/yr/mi, or 0.03 ft3/s/mi. This would be a
minimum rate of discharge and is probably much less than
the actual rate.

In some areas, a large percentage of spring discharge
reaches the stream channel. The contribution of spring
discharge to the baseflow of the stream is often indiscern-
ible from direct ground-water discharge to the streambed.
Several large (10 to 20 ft3/s) springs and many smaller
(1 ft3/s) springs contribute to the Nisqually River in
Thurston County, and it is estimated that the spring dis-
charge makes up most of the baseflow of the river in some
areas (W.E. Lum, U.S. Geological Survey, personal com-
mun., 1992).

Ground water is lost to the atmosphere by evaporation
from bare soils and by transpiration from the leaves of
phreatophytes. The rate of steady evaporation from bare
soil diminishes rapidly with increasing depth to the water
table and is negligible for most soils if the water table is
more than a few feet below land surface. Transpiration
rates are dependent on the type and density of phreato-
phytes, climatic conditions, quality of water, and depth to
water. Evapotranspiration of ground water is an important
part of total ground-water discharge in the major stream
valleys where the water table is within a few feet of land
surface (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993). On the upper drift plains the water table
generally lies deeper than the roots of phreatophytes can
reach except near small streams, where the water table is
shallow. In these areas near streams, ground water proba-
bly discharges by evapotranspiration at nearly the PET
rate.



As many as 30,000 wells in the Puget Sound Lowland
withdraw ground water for public supply, domestic, irriga-
tion, commercial, industrial, and institutional purposes
(3.J. Vaccaro, U.S. Geological Survey, written commun.,
1993). According to Vaccaro, ground water supplied
43 percent of all water used in the Puget Sound Lowland
in 1990. Typically, ground water makes up an even larger
percentage of domestic supplies; for example, in south-
western King County in 1986, the household water needs
of 70 percent of the population were supplied by ground
water (Woodward and others, 1995). Dion and others
(1994) reported that ground water supplied all household
water in northern Thurston County in 1988. In northern
Thurston County and many other localities in the Puget
Sound Lowland, springs are used to supply water for
domestic and other uses. Most of the ground-water with-
drawals are from the alluvial deposits underlying the
major stream valleys and from confined outwash aquifers
within the upper 100 to 200 ft on the drift plains. The
unconfined recessional outwash deposits on the drift
plains are used where they are locally saturated, but they
are not an important source in the region.

Source of Water to Wells

In 1940, C.V. Theis published a paper on the hydro-
logic principles that govern the response of a ground-
water system to withdrawals from wells (Theis, 1940). It
is worthwhile to review them in order to provide a basis
for later discussions of the simulated responses of
ground-water systems in the hypothetical basin.

Prior to development of a ground-water system by
wells, the system is in a state of equilibrium (steady state)
where the natural discharge (D) is exactly equal to the nat-
ural recharge (R ) when considered over a sufficiently long
time period (fig. 5a). Over short time periods, recharge
and discharge may not be equal due to normal seasonal
variations in climate. However, if average annual climate
conditions prevail for successive years, recharge and dis-
charge will be in equilibrium over this period. When
recharge and discharge are not equal, ground water is
either added to or removed from storage. When recharge
exceeds discharge, ground-water storage is increased; con-
versely when discharge exceeds recharge, ground-water
storage is reduced.
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When a well begins to withdraw water from a
ground-water system, water is removed from storage as
the water level drops, forming a cone of depression
(fig. 5b). At this stage, the withdrawal (Q) is balanced
entirely by a reduction in storage (AS ):

0 =AS .
3)

As pumping continues, the cone of depression will
expand until it reaches an area where ground water natu-
rally discharges, as to a stream or spring. The cone of
depression will reduce the hydraulic gradient toward the
discharge area, decreasing the natural discharge to the
stream or spring by an amount, AD (fig. 5c). The with-
drawal will then be balanced by the change in storage, AS,
and the reduction, or capture, of natural discharge, AD :

Q0 =AS+AD 4)

The term “capture” is used in this report to describe the
change in location of discharge that occurs when a new
stress is imposed on a ground-water system. This term
should not be confused with the term “capture area,”
which is commonly used to describe the contributing area
to a well in well-head protection analyses.

The cone of depression will continue to expand as
water is removed from storage until it has expanded into a
large enough area to capture sufficient natural discharge to
completely balance the withdrawal. Once this new bal-
ance is achieved, the ground-water system is in a new state
of equilibrium (AS = 0) and reduced natural discharge
( D—AD ) plus withdrawals ( Q) equal natural recharge

(R):

(D-AD) +Q =R )

It is clear from equation 5 that captured natural discharge
(AD ) must be equal to the withdrawal (Q ) at equilibrium.






If the cone of depression expands into a recharge area
rather than a discharge area, the hydraulic gradient
between the well and the recharge area will be increased.
If more water was available than the aquifer could accept
as recharge under natural conditions, the increased gradi-
ent may allow additional recharge (AR ) to occur. If and
when the increase in recharge plus any decrease in dis-
charge (AD ) equals the withdrawal, a new equilibrium
will be established:

(D-AD) +Q = R+AR
(©)

In some cases, where pumped wells are located near a
stream or the cone of depression expands far enough, the
hydraulic gradient can be reversed such that ground-water
discharge to the stream stops entirely and water will be
induced to move from the stream into the aquifer as addi-
tional recharge (fig. 5d).

DESCRIPTION OF THE NUMERICAL
MODEL

A three-dimensional numerical model of the hypo-
thetical basin was constructed by selecting boundary con-
ditions and estimating initial values of hydraulic
characteristics and recharge. Hydraulic characteristics
were adjusted until the model simulated predevelopment
conditions within acceptable tolerances. Simulated
ground-water levels and discharge to streams and springs
agreed with conditions expected in a typical basin.

Approach

Once the conceptual model of the hypothetical basin
was defined, the next siep was to create a mathematical
representation of the basin using a simulation mode]. To
develop the simulation model, first a three-dimensional
grid was designed, then it was populated with data on
hydraulic characteristics, then boundary conditions were
specified, and finally, parameters were adjusted. Model
parameters were adjusted until simulated hydrologic con-
ditions were comparable with those that would be
expected in the hypothetical basin. The hydrologic condi-
tions considered included the direction and magnitude of
hydraulic head gradients (both horizontal and vertical), the
rate of seepage to streams, and the rate of discharge to
springs. Previous investigators have measured or esti-
mated ranges for these conditions in many parts of the
Puget Sound Lowland (as described in previous sections)
and these results were relied upon to evaluate how well the
numerical model represented the conceptual model. Five
parameters were adjusted: horizontal hydraulic conductiv-
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ity, ratio of horizontal to vertical hydraulic conductivity,
streambed hydraulic conductance, hydraulic conductance
of springs, and recharge rates. Parameter adjustment con-
tinued until the simulated hydrologic conditions were
determined to represent typical conditions as defined by
previous investigations. Throughout the remainder of the
report, the model defined by these parameters and bound-
ary conditions is referred to as the baseline model.

The baseline model was then used to test the effects of
one or more discharging wells on ground-water discharge
to streams and springs. Several series of simulations were
made; each series was designed to show the effect of
changes in one variable on ground-water discharge. Vari-
ables considered included well depth, distance between
well and stream, well discharge rate, and others.

General Features of the Numerical Model

The U.S. Geological Survey’s numerical model for
simulating ground-water flow, MODFLOW, was used to
represent the conceptual model of the hypothetical basin.
MODFLOW simulates ground-water flow in three dimen-
sions using finite-difference techniques to solve the partial
differential equation describing ground-water movement
(McDonald and Harbaugh, 1988). An ancillary program,
MODFLOWARC (Orzol and McGrath, 1992), was used to
move data directly into MODFLOW from the GIS data-
base.

The MODFLOW program requires that the
ground-water system be subdivided, vertically and hori-
zontally, into a finite difference grid of rectangular blocks
or cells. The hydraulic properties of the flow system are
assumed to be homogeneous within each cell. The satu-
rated flow system of the hypothetical basin was subdi-
vided vertically into 13 layers and horizontally into a
50 column by 70 row grid of 3,500 square cells, each hav-
ing dimensions of 1,500 ft per side (fig. 6).

Each of the unconsolidated hydrogeologic layers of
the conceptual model of the hypothetical basin is repre-
sented by an individual layer in the model; bedrock is not
explicitly included as a layer in the model, but is repre-
sented numerically as a boundary to the system as dis-
cussed below. The three glacial sequences, each
consisting of four hydrogeologic layers, are represented by
the upper 12 model layers, where these layers are present
beneath the drift plain. The undifferentiated Qu, are
included in the model as the bottom layer (13) beneath the
drift plain. The alluvial sediments, Qa, which occur only
beneath the major stream valley, were represented in
layers 9 through 13 in that part of the model.






Transmissivity, which is the product of the horizontal
hydraulic conductivity of the aquifer and its saturated
thickness, was specified for each cell. Transmissivity was
not changed in the simulations because simulated pump-
ing did not significantly reduce the saturated thickness of
aquifers.

Boundaries

Boundary conditions were specified in the numerical
model according to the concepts of the flow system used
to define the hypothetical basin. An important part of the
conceptual model of the basin is that the Tertiary bedrock
underlying the basin is a low-permeability unit that does
not store or transmit significant quantities of ground water.
This was the basis for treating the contact between the
Tertiary bedrock and the Quaternary glacial and alluvial
sediments as a no-flow boundary in the numerical model.
This no-flow boundary extends from where the bedrock is
exposed along ridges on the eastern and southern bound-
aries of the basin, beneath the glacial and alluvial deposits,
to the northern and western boundaries of the model
(figs. 3 and 4).

The northern and western boundaries of the numerical
model coincide with the major stream valleys bounding
the drift plain. The streams within these valleys are con-
ceptualized as the discharge areas for local- and intermedi-
ate-scale ground-water flow systems in the lowlands; all
ground water that enters the system as recharge within the
hypothetical basin is assumed to leave the system as dis-
charge within the boundaries of the model. The northern
and western boundaries of the model were also specified
as no-flow boundaries to reflect the assumption that there
is no subsurface ground-water flow out of the basin.

Head-dependent flux boundaries were used to repre-
sent ground-water discharge from within the basin by
seepage to streams and springs (fig. 6). The underlying
equations of these boundary conditions are described by
McDonald and Harbaugh (1988).

Hydraulic Characteristics

In order to simulate a ground-water flow system with
a numerical model, the hydraulic characteristics of the
aquifers and confining beds must be specified for each
model cell. The hydraulic characteristics normally
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required to simulate a ground-water system are thickness,
hydraulic conductivity, and specific storage. Specific stor-
age was not required for this analysis because all simula-
tions were for steady-state conditions. The thickness of
each hydrogeologic layer, specified on the basis of previ-
ous investigations, was variable. Ranges in thickness
were 10-50 ft for recessional outwash and till, 10-115 ft
for advance outwash, and 10-150 ft for interglacial sedi-
ments (table 2).

Horizontal Hydraulic Conductivity

The hydraulic conductivity of deposits in the Puget
Sound Lowland spans several orders of magnitude. Even
within an individual hydrogeologic layer, hydraulic con-
ductivity values show high variability due to small scale
erosional and depositional features. This type of spatial
variability in hydraulic conductivity was not represented
in the model primarily because the scale of the features
that cause heterogeneity in hydraulic conductivity are
probably not large enough to significantly affect the simu-
lated response of the system on a basin-wide scale. Also,
if this heterogeneity were incorporated in the model, it
would have made it difficult or impossible to separate
effects of variables such as distance between the well and
the stream from effects of spatial variability on hydraulic
conductivity on the capture of discharge to streams and
springs. Therefore, horizontal hydraulic conductivity was
assumed to be uniform throughout the basin for each
hydrogeologic layer. The recessional, Qr, and advance,
Qa, outwash aquifers were assumed to have the same hori-
zontal hydraulic conductivity, 100 ft/d (table 2). The con-
fining layers (till, Qt, and interglacial sediments, Qf) were
assigned horizontal hydraulic conductivities of 0.25 and
1.0 ft/d respectively. The undifferentiated deposits, Qu,
are composed mainly of fine-grained sediments, but have
coarse-grained interbeds; the relatively high hydraulic
conductivity of 25 ft/d assigned to the layer reflected the
influence of these coarse-grained beds. Transmissivity
varied within model layers due to variations in the thick-
ness of layers. The mean transmissivity of the aquifer lay-
ers (Qal, Qr, and Qa) ranged from 2,900 ft2/d for
recessional outwash aquifers to 20,000 ft2/d for the allu-
vial aquifer.



Table 2.--Thickness and hydraulic characteristics of hydrogeologic layers in the hypothetical basin

[--, no value given]

Vertical
Horizontal  hydraulic
Thick- Mean  Horizontal to vertical conduc-
ness thick-  hydraulic hydraulic tivity
Geologic range ness conductivity  conductivity (feet Model
Symbol layer (feet) (feet)  (feet per day) (ratio) per day)  layer(s)
Qal  Alluvium 10-500 400 50 10 5 l9.13
Qr  Recessional outwash 10-50 29 100 10 10 1,59
Qt Tl 10-50 25 0.25 100 0.0025 2,6,10
Qa  Advance outwash 10-115 36 100 10 10 3,7,11
Qf  Interglacial sediments 10-150 60 1.0 200 0.005 4,8,12
Qu  Undifferentiated deposits 10-480 275 25 150 0.167 13
Tb  Bedrock - -- -- -- -- Not in
model layer
lOccurs only beneath valley floor.
Vertical Hydraulic Conductivity Recharge

The heterogeneity of the sedimentary layering in the
basin, and particularly of the glacial deposits, imparts con-
siderable anisotropy to their hydraulic conductivity.
Anisotropy is the condition of having different properties
in different directions. Expressed as the ratio of horizontal
to vertical hydraulic conductivities, the anisotropy ratio of
unconsolidated sediments is usually greater than one
because of the preferred orientation of grains and clasts
during deposition. Anisotropy ratios were assigned to
each hydrogeologic layer ranging from 10 for the
coarse-grained aquifer layers, (Qal, Qr, Qa) to 200 for the
mostly fine-grained interglacial layers (Qf). Till layers,
Qt, were assigned an intermediate ratio of 100 and the
undifferentiated sediments, Qu, were assigned a ratio of
150.

Based on the horizontal hydraulic conductivity value
of 0.25 and the anisotropy ratio of 100, the effective verti-
cal hydraulic conductivity of the till was 0.0025 ft/d. This
value is within the range of 0.001 to 0.01 ft/d reported by
Vaccaro (J.J. Vaccaro, U.S. Geological Survey, written
commun., 1993). The vertical hydraulic conductivity of
the interglacial deposits was about 0.005 ft/d, or twice that
of the till layers.
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Recharge to the ground-water system was specified at
rates computed with the regression equations 1 and 2
described in the previous section on ground-water
recharge. Based on average annual precipitation of
44 in/yr, rates of 18 in/yr and 27 in/yr were computed for
areas where till and outwash are exposed. The distribution
of recharge is shown on figure 6. Mean annual recharge
for the basin is about 20 in/yr.

Discharge

Ground-water discharge to streams and springs was
represented in the numerical model with the MODFLOW
packages RIVER and DRAIN (McDonald and Harbaugh,
1988).

Streams

Streams in the hypothetical basin, both on the upper
drift plain and in the major stream valley, were simulated
as head-dependent flux boundaries with the RIVER pack-
age in MODFLOW. Ground-water flux across head-
dependent boundaries is calculated as a piecewise-linear
function of the difference between the water levels in the
aquifer and at the boundary, and the conductance of that
boundary (McDonald and Harbaugh, 1988). Sediments
between the stream and the aquifer commonly form dis-
tinct bed material differing in hydraulic character from the



aquifer sediments themselves. This frequently occurs in
low-gradient streams where fine sediment may accumulate
to form a bed with low hydraulic conductivity. However,
in many streams where gradients are sufficient to maintain
high flow velocities or where the streambed is periodically
flushed of fine-grained sediments by high flows, there may
be little or no contrast between the hydraulic properties of
the stream bottom and the aquifer itself.

Stream reaches are defined as the lengths of stream
contained within one model cell; stream segments are
groups of contiguous reaches that have no tributaries.
Streams in the basin are identified by segment numbers,
with nine stream segments in the basin: segments 1
through 7 on the upper drift plain and segments 8 and 9 in
the lower stream valleys (fig. 6).

Head-dependent boundary conductances are analo-
gous to the vertical conductance between model layers.
However, boundary conductances are adjusted external to
the model to account for the area of a cell that is covered
by the boundary, whereas vertical conductances are
adjusted internally. The generalized boundary-conduc-
tance equation is

M

where C is the boundary conductance, Kv is the vertical
hydraulic conductivity of the sediments between the
stream and the center of the model cell containing the
stream, A is the area of the stream within the model cell,
and b is the thickness of sediments between the stream
and the center of the model cell containing the stream.

Values of boundary conductance for the streams were
estimated by assuming that the vertical hydraulic conduc-
tivity (Kv ) of sediments between the stream and the cell is
equal to 2 percent of the horizontal hydraulic conductivity
of the cell. The average stream area in a cell was esti-
mated by measuring the length of each reach and assum-
ing a width of 10 ft. Although no discrete, low-
permeability streambed may be present, a thickness (b)
must be assumed at each model cell to describe the equiv-
alent thickness of the materials that restrict the flow of
water between the stream and the ground-water system.
This thickness was specified as 2 ft throughout the
model. The conductance values resulting from these
assumptions are essentially lumped parameters that repre-
sent a proportionality constant that determines the flux
between the ground-water system and the stream for a
given difference between stream stage and ground-water
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level. The weighted-mean streambed conductance values
used in the model ranged from 3,300 ft%/d for segment 5 to
14,600 ft%/d for segment 2; the overall weighted mean
conductance was 7,800 ft2/d.

Springs

The springs that occur on the bluffs above the major
stream valley and in the canyons of the streams on the
upper drift plain were simulated with the DRAIN package
of MODFLOW (McDonald and Harbaugh, 1988). The
DRAIN package allows simulation of head-dependent
boundary flux in a manner similar to the RIVER package.
However, the flux is allowed only in one direction; once
the head in the aquifer falls below a specified elevation,
discharge stops. Springs were specified at 443 cells in lay-
ers 3,5,7,9, and 11 where the outwash aquifers are
exposed in canyons and on bluffs (fig. 6). The conduc-
tances for the springs in the model were computed with
the same general equation as for streams, but the assump-
tions were somewhat different. The area, A, of the seep-
age face at each spring was assumed to span the entire
width of the cell (1,500 ft) and the height of the seepage
face was assumed to be half of the thickness of the cell.
The hydraulic conductivity, Kv, of the spring was esti-
mated to be the same as that of the hydrogeologic layer of
the cell. The length of the flowpath, b, was the distance
from the cell center to the seepage face (750 ft). Using
these assumptions, mean spring conductances for spring
cells ranged from 1,300 ft/d for layer 11 to 2,900 ft%/d for
layer 3, with an overall mean of 2,400 ft%/d. The dis-
charge altitude for each spring cell was specified as the
altitude of the bottom of the aquifer at the point where it is
exposed on the bluff or canyon. The 164 spring cells in
layer 3 discharged from a mean altitude of 340 ft, and the
25 spring cells in layer 11 discharged from a mean altitude
of 66 ft.

Baseline Model Results

About 30 simulations were made in order to obtain a
set of hydraulic characteristics and boundary conditions
that simulated hydrologic conditions typical of small
basins in the Puget Sound Lowland. The process used to
obtain these baseline model parameters was trial and error.
Following each simulation, simulated hydrologic condi-
tions were compared with the expected conditions and
parameters were adjusted to correct errors in the simulated
conditions. The final set of model parameters provided the
“best fit” between the expected and simulated conditions.
Although there are other sets of parameters that could pro-
duce equal, and possibly better fits, all of the hydraulic



characteristics and boundary conditions in this set are well
within ranges expected for the conceptual model of the
Puget Sound Lowland.

The baseline model simulates ground-water flow in
the hypothetical basin prior to any withdrawal of ground
water by wells. The system was assumed to be at equilib-
rium, or steady state, with discharge balanced by recharge.
The expected hydrologic conditions used to calibrate the
baseline model are based on data from studies of several
areas in the Puget Sound Lowland. Although these data
may not reflect steady-state conditions in all cases, the
generalized expected conditions are probably typical of
the conditions that would be found in an undeveloped
basin.

In the following sections, ground-water levels,
hydraulic head gradients, and ground-water discharge
rates simulated with the baseline model are compared with
conditions that would be expected in the typical Puget
Sound Lowland basin.

Ground-Water Levels and Hydraulic Gradients

In the baseline model of the hypothetical basin,
ground-water flow is generally from the southern, south-
eastern, and eastern parts of the basin toward the north,
northwest, and west. In the shallow part of the flow sys-
tem, hydraulic gradients and flow directions are strongly
controlled by the streams and topography of the upper
drift plain (fig. 7). Contours of ground-water altitude
show that the shallow aquifers discharge to streams where
the contours intersect the streams in V-shapes. Horizontal
hydraulic gradients range from less than 15 ft/mi on the
northwestern part of the plain to more than 40 ft/mi where
they steepen in the uplands on the southeast corner of the
plain. Flow directions in the deeper aquifers are more
strongly influenced by the discharge areas on the bluffs
and in the major stream valleys to the north and west
(fig. 8). In the southwest corner of the drift plain, ground
water in the shallow aquifer flows from southeast to north-
west, whereas deeper ground-water flowpaths are nearly
due west toward the springs on the bluff and the major
stream. Simulated horizontal hydraulic gradients ranging
from about 15 ft/mi to 40 ft/mi, compare closely with typi-
cal gradients of 35 ft/mi reported by Vaccaro (J.J. Vaccaro,
U.S. Geological Survey, written commun., 1993).
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Throughout the drift plain, the simulated vertical
component of ground-water flow is downward, except in
shallow aquifers near streams where there is upward flow
toward the stream. Heads decrease with depth beneath the
drift plain, which is a recharge area. Head differences
between adjacent aquifers are greatest in the shallow aqui-
fers underlying the plain near the bluff and decrease with
depth and to the east and south. Differences in simulated
heads are as much as 120 ft between shallow aquifers near
the bluff and as little as 20 ft between deep aquifers near
the eastern and southern edges of the basin. These simu-
lated differences compare closely with expected differ-
ences based on data for southwest King County from
Woodward and others (1995), who found differences rang-
ing from about 40 to 150 ft between water levels in the
uppermost confined outwash aquifers. Simulated heads
increase with depth beneath the major stream valley,
which is a discharge area. The maximum simulated verti-
cal head differences between the shallow and deep aqui-
fers beneath the major stream valley were 10 to 20 ft.

Stream and Spring Discharge

Total ground-water recharge to and discharge
from the basin, as simulated by the baseline model, was
389 ft3/s (table 3). Seventy-six percent (295 ft3/s) of base-
line ground-water discharge was by seepage to streams
and 24 percent (94 ft3/s) was by spring discharge. Sev-
enty-three percent (285 ft3/s) discharged to the major
stream valley either by seepage to streams (202 ft3/s) or by
spring discharge on the bluffs (83 ft3/s). The remaining
27 percent discharged to streams (93 ft3/s) and springs
(11 £t3/s) on the drift plain. In the following discussion,
springs have been grouped with the stream segment to
which they would contribute if the spring discharge flowed
to the stream,; spring discharge has also been summarized
this way in table 3. Total ground-water discharge to
streams and springs by stream segment is shown in
figure 9a.

Annual baseflow averages about 36 percent of precip-
itation in Puget Sound Lowland basins (J.J. Vaccaro, U.S.
Geological Survey, written commun., 1993). The assumed
annual precipitation of 44 in/yr in the hypothetical basin
would result in baseflow of about 16 in/yr. Over the
262 mi? basin this would result in 308 ft/s of baseflow.
The simulated total seepage to streams in the hypothetical
basin is only 295 ft¥/s (table 3); however, this figure does
not include any spring discharge that might flow into the
stream and contribute to baseflow. Of the 94 ft¥/s of
spring discharge, it is likely that at least 13 ft>/s, which is
the difference between the simulated and expected base-
flows, contributes to streamflow in the basin.












Table 3.--Simulated ground-water discharge to streams
and springs in the baseline model

Discharge, in cubic feet per second;
percentage of total ground-water
discharge in parentheses

Location To streams To springs Total

Drift plain' 93 (24) 11 (3 104 (27)
Stream valley? 202 (52) 83 (21) 285 (73)
Total 295 (76) 94 (24) 389 (100)

Uncludes stream segments 1 through 7 and contributing
springs (see figure 6).

Includes stream segments 8 and 9 and contributing
springs (see figure 6).

Another assessment of the simulated discharge to
streams was made by comparing simulated discharge to
streams on the drift plain with estimated baseflow in a
small basin in southwest King County. Big Soos Creek
(fig. 1) drains an area of 66.7 mi” and has a mean monthly
flow of about 35 ft3/s for October (1967-92), a time when
flow in streams in the Puget Sound Lowland are supplied
almost entirely by baseflow. This discharge represents the
best available estimate of minimum annual baseflow to
Big Soos Creek, since baseflow is typically greater during
winter and spring months when the water table is higher.
Based on this estimate, the minimum baseflow per square
mile is 0.52 ft3/s. The drift plain of the hypothetical basin
covers about 188 mi? and therefore the expected minimum
baseflow, based on the Big Soos Creek data, is about
100 ft3/s. Simulated discharge to streams on the drift plain
was 93 ft/s by seepage and 11 ft3/s from spring discharge,
for a total of 104 ft¥/s.

According to Vaccaro (J.J. Vaccaro, U.S. Geological
Survey, written commun., 1993), estimated annual base-
flow in 12 Puget Sound Lowland basins averages about
0.93 ft3/s/mi2, or nearly twice the minimum baseflow of
0.52 ft3/s/mi® estimated above. Using the higher value,
the expected annual baseflow from the 188 mi? drift plain
in the hypothetical basin would be 175 ft3/s. This value
may be a more realistic estimate for comparison with the
simulated baseflow, since the model simulates average
annual baseflow. On this basis, the simulated baseflow of
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104 ft3/s may be somewhat lower than what would be
expected from an area this size. There are several sources
of uncertainty in the estimate of annual baseflow. Consid-
ering only the uncertainty in determining the area contrib-
uting to baseflow, the uncertainty in the estimate of annual
baseflow is probably £25 percent or more. Because simu-
lated baseflow from the drift plain (104 ft3/s) falls within
the range of estimated baseflow (100 to 175 ft3/s), the dis-
tribution of ground-water discharge in the model is a rea-
sonable representation of a typical basin.

The rate of ground-water discharge per mile of
stream, or specific discharge, was computed for each
stream segment (fig. 9b). Including streams and springs,
stream segments 1 through 6 had simulated specific
discharges ranging from 1.68 to 3.92 ft3/s/mi, while seg-
ments 7 through 9 had discharges ranging from 5.25 to
7.79 ft3/s/mi (fig. 9b). The large difference is due to the
positions of segments 7 through 9 in the lower part of the
flow system where they receive discharge from a broader
recharge area than do the streams on the drift plain. If
spring discharge is not included, specific discharge to
streams on the drift plain ranges from 0.8 to 3.9 ft3/s/mi
(segments 1 through 6 only); this range is similar to the
range of 0.3 to 3 ft>/s/mi determined for reaches of Big
Soos Creek in southwest King County (Woodward and
others, 1995).

The specific discharge of simulated springs was com-
puted by dividing the total discharge of springs contribut-
ing to each stream segment by the length of spring
discharge area adjacent to that stream segment. Specific
discharges ranged from about 0.3 to 1 ft3/s/mi. The values
at the lower end of this range are comparable to values at
the upper end of the range of 0.01 to 0.27 f3/s/mi reported
by Woodward and others (1995) for southwest King
County. As many as four outwash aquifers are exposed on
the bluffs above the major stream valley, and of the 453
spring cells in the model, 78 percent are located on these
bluffs. Consequently, some of the highest specific dis-
charges for springs (0.7 and 1.0 ft3/s/mi) are on segments
8 and 9 in the major stream valley below the bluffs. Dis-
charge per spring, however, is not significantly higher; the
springs on the bluffs comprise 78 percent of all springs in
the model and account for 88 percent of the total spring
discharge, whereas springs on the drift plain comprise
22 percent of all springs and discharge 12 percent of total
spring discharge (table 3).



SIMULATION OF THE EFFECTS OF
GROUND-WATER WITHDRAWALS
ON DISCHARGE TO STREAMS AND
SPRINGS

An analysis of the effects of ground-water withdraw-
als on discharge to streams and springs was made using
the baseline model. The baseline was used to simulate the
effects of ground-water withdrawals under various scenar-
ios in which well depth, location, pumping rate, or other
conditions were varied. The effects of withdrawals on
ground-water levels, discharge to stream segments, and
discharge to individual stream reaches and springs are
compared for each series.

Approach

Seven series of simulations were made and each
series consisted of from two to six simulations. In most
simulations, only one condition was varied from the base-
line model. The 30 simulations, and the conditions for
each, are summarized in table 4. Each simulation is
referred to by an alphanumeric designation, where the let-
ters indicate the simulation series and the integer identifies
the simulation within the series. For example, DEPTH.2
is the second simulation in the series in which one condi-
tion, the depth of the pumped aquifer, was varied. The
locations of wells simulated in each series are shown in
figure 10.

The condition varied for each of the seven series of
simulations was:

1. Distance of well from stream (pumping
unconfined aquifer) (DIST.U.1 to DIST.U.5);

2. Distance of well from stream (pumping confined
aquifer) (DIST.C.1 to DIST.C.5;.

3. Pumping rate (PUMP.1 to PUMP4);

4. Depth of pumped aquifer (DIST.U.5, DIST.C.5,
DEPTH.1 to DEPTH.3);

5. Distance of well from bluff (BLUFFE.1 to
BLUEFE)S5);

6. Well density (WELL.1 to WELL.2); and
7. Recharge rate (RECH.1 to RECH.6).
The results of each series are discussed as to the simu-

lated effects of pumping on ground-water discharge to
streams and springs and on ground-water levels. In the
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following sections, the effect of the well or wells on dis-
charge to streams and springs is quantified by expressing
the reduction in discharge to streams and springs as a per-
centage of the well discharge. The reduction in, or capture
of, discharge to streams and springs is the difference
between simulated discharge to streams and springs in the
baseline model and simulated discharge in the scenario
being considered. The simulated reductions in discharge
are grouped by feature (stream or spring) and by the fea-
ture’s location. Feature type and location are used to
describe the source and location of capture; four combina-
tions are used: streams on the upper drift plain, springs on
the upper drift plain, streams on the lower valley floor, and
springs on the lower bluffs. The term “area of influence”
(AOI) describes the area of the pumped aquifer that expe-
rienced 0.1 ft or more of water-level decline in response to
the pumping stress applied for the scenario.

Effects of Varying Distance From a Stream

The effects of varying distance of a well from a
stream on discharge to streams and springs were investi-
gated with two series of simulations. One series (DIST.U)
simulated a well pumping from the unconfined aquifer,
and the other (DIST.C) simulated a well pumping from the
uppermost confined aquifer. Both series comprised five
simulations in which the well was moved progressively
further from the stream; the well locations and pumping
rates were the same for the two series.

Pumping From an Unconfined Aquifer

In the DIST.U series, simulations were made of with-
drawals from a single well pumping 300 gal/min from an
unconfined aquifer while distance from the well to the
stream was varied from less than 1,500 ft to 6,000 ft. The
locations of the well in each of the five simulations
(DIST.U.1 through DIST.U.5) are shown in figure 10. In
the first simulation, DIST.U.1, the well was located in the
same model cell as the stream; in each successive simula-
tion, the well was moved one cell farther from the stream
until, in simulation DIST.U.5, the well was 6,000 ft from
the stream. In each simulation the well pumped from the
uppermost recessional outwash aquifer (model layer 1). In
this part of the basin the aquifer is 10 to 30 ft thick; the
horizontal hydraulic conductivity is 100 ft/d throughout
the basin. The bed of stream segment number 4 is in con-
tact with the pumped aquifer in the vicinity of the well;
howeyver, the outwash aquifer is limited in extent (fig. 4).
The aquifer is bounded laterally and below by a till layer
(model layer 2).
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These simulations demonstrate that a well pumping
from a highly permeable outwash aquifer near a stream
will, at equilibrium, capture most of its discharge from
ground-water flow that would have discharged to the
stream. With the well nearest the stream (less than
1,500 ft; DIST.U.1), about 98 percent of well discharge
derives from capture of discharge to the streams and
springs in the upper drift plain (fig. 11). Streamflow was
reduced by more than 95 percent of well discharge in most
of segment 4 and in all of segments 5, 7, and 9 (fig. 12).
When the well is moved away from the stream, a larger
percentage of pumping is derived from capture of dis-
charge to the lower streams and springs. However, even
when the well is at the maximum distance from the stream
(6,000 ft; DIST.U.5), 85 percent of well discharge still
derives from ground water that would have discharged to
streams and springs on the upper drift plain (fig. 11).

Capture of discharge to streams and springs is shown
by stream segment in figure 13. These results show that
moving the well from less than 1,500 ft to 6,000 ft away
from stream segment 4 reduced capture from that segment
from 97 percent to 70 percent of well discharge. Convert-
ing these percentages to rates shows that the flow in seg-
ment 4 was reduced by 291 gal/min (97 percent
of 300 gal/min) when the well was located near the
stream, but that the reduction in flow was reduced to
210 gal/min (70 percent of 300 gal/min) when the well
was located 6,000 ft from the stream. The decrease in cap-
ture from segment 4 was offset by increases in capture
from all other stream segments, most notably from seg-
ments 1 through 3 (to 11.8 percent of well discharge, an
increase of 10.9 percent) and segment 9 (to 12.4 percent of
well discharge, an increase of 11.2 percent). The increase
in capture from the segments 1 through 3 was mostly dis-
charge to streams, whereas capture from segment 9 was
mostly discharge to springs.

For many simulations, maps showing simulated
water-level declines and capture of discharge to individual
springs and stream reaches are presented. On these maps,
total capture of ground-water discharge to each stream
segment and cumulative downstream capture are listed for
each stream segment (see fig. 14a). The segment and
cumulative downstream captures are expressed as a per-
centage of the simulated well discharge. At the down-
stream end of stream segment 9 (where the stream exits
the basin), the cumulative capture should be 100 percent
for all simulations. In some cases, the cumulative capture
is slightly more or less than 100 percent because of round-
ing errors in the model.
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When the pumped well was located near the stream,
the effects of the well on stream discharge was highly
localized. When the well was located within 1,500 ft of
the stream, nearly all well discharge derived from capture
of discharge to one stream segment (number 4), and most
of the captured discharge derived from the four stream
cells nearest the well (fig. 14a). Simulated drawdown was
less than 0.5 ft throughout most of the pumped aquifer
(fig. 14a). When the well was located 6,000 ft from the
stream, the cone of depression of the well must expand
more before it captures enough natural discharge from
other springs and streams in the basin to offset the dis-
charge of the well. Figure 14b shows that a maximum
drawdown of more than 10 ft was simulated in the cell
containing the pumping well and that drawdowns of more
than 0.5 ft were simulated in many cells. Figure 14b also
shows that discharge to streams and springs was affected
over a much larger area when the well was located at a
greater distance from the stream. Comparison of the
cumulative areas affected by simulated drawdown for the
DIST.U.1 and DIST.U.5 simulations (fig. 15) confirms that
the AOI was much larger when the well was farther from
the stream. Simulated drawdown exceeded 0.1 ft over an
area of about 21 mi? in simulation DIST.U.5. However,
only about 2 mi® were affected by drawdowns greater than
0.1 ft when the well was located next to the stream. The
stair-step shape of the cumulative-area curves in figure 15
is caused by the discontinuous nature of the uppermost
unconfined outwash aquifer.

Pumping From a Confined Aquifer

In the DIST.C series, the effect of distance of the
pumped well from the stream were investigated with the
well pumping from the uppermost confined outwash aqui-
fer (model layer 3). For the five simulations, the wells
were placed in the same cells that were used in the
DIST.U-series simulations (fig. 10) at distances ranging
from less than 1,500 ft to 6,000 ft. from the stream. The
pumping rate of the simulated wells (300 gal/min) were
also the same as used in the DIST.U series. The principal
difference between this series and the DIST.U series was
that the well in the DIST.C series was pumping from a
confined aquifer separated from the nearest stream by a
low-permeability till layer. The thickness of the till near
the well locations averages 25 ft; the vertical hydraulic
conductivity of the till is 0.0025 ft/d throughout the basin.
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The presence of the low-permeability till between the
well and the stream had a significant effect on the source
of water to the well. More of the well discharge was
derived from capture of flow to the streams and springs in
the lower valley in these scenarios than in the correspond-
ing scenarios for the unconfined aquifer (DIST.U). The
percentage of well discharge captured from the lower val-
ley streams was nearly constant at about 10 percent in all
five simulations (fig. 16). Streamflow was reduced by
about 50 percent of well discharge at the mouth of seg-
ment 4 (fig. 17). The percentage captured from discharge
to the springs in the lower valley ranged from 20 percent
when the well was nearest the stream (DIST.C.1) to
15 percent when the well was more than a mile to the east
of the stream (DIST.C.5) (fig. 16). Spring discharge on the
bluffs was more sensitive to the location of the pumped
well than was stream discharge because many of the
springs discharge directly from the pumped aquifer (model
layer 3).

Comparison of simulations DIST.U.1 and DIST.C.1
shows the importance of the till layer in controlling the
effect of a well on discharge to streams and springs. When
the well pumped from the outwash aquifer directly adja-
cent to the stream (as in simulation DIST.U.1), about
98 percent of its discharge came from capture of discharge
to streams and springs on the upper drift plain. In simula-
tion DIST.C.1, however, a well pumped at the same loca-
tion from an aquifer separated from the stream by a till
layer derived only 70 percent of its discharge from the
upper streams and springs (figs. 11 and 16). The effects of
the well on the nearest stream reach were even more dra-
matically attenuated by pumping from the lower aquifer.
Comparison of figures 13 and 18 shows that 97 percent of
the well discharge in simulation DIST.U.1 was captured
from segment 4, while only 51 percent was captured from
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segment 4 in simulation DIST.C.1. The difference of

46 percent is equivalent to 138 gal/min of the total

300 gal/min of well discharge. The reduction in capture
from segment 4 by pumping from the confined aquifer was
made up mostly by an increase in capture from segments 1
through 3 (12.3 percent of well discharge) and segment 9
(24.8 percent). Within the range of distances simulated,
the distance of the well from stream segment 4 made a
small difference in the distribution of capture among
stream segments on the upper drift plain (fig. 18). How-
ever, because of the direction in which the well was
moved, increase in distance from the stream increased
capture from segment 1 through 3 and decreased capture
from segment 9. Comparison of simulations DIST.U.1
and DIST.C.5 indicates a decrease in capture from seg-
ment 4 (44.2 percent of well discharge) offset mostly by
increases in capture from segments 1 through 3 (17.3 per-
cent) and segment 9 (18.7 percent).

Lateral distance from the stream to the well is less
important than the presence or absence of a confining
layer between the pumped well and the stream. This is
clearly shown by comparing the maps of simulated draw-
down and capture of discharge for simulations DIST.U.1
and DIST.C.1 (figs. 14a and 19). The effects of the
pumped well were more broadly distributed within the
basin when the well pumps from the confined aquifer.
Also, the cumulative areas affected by drawdown were
much greater for the simulations of pumping from the con-
fined aquifer. For all five of the DIST.C-series simula-
tions, approximately 95 mi? of the confined aquifer was
affected by drawdown of more than 0.1 ft (fig. 20); when
the well was placed in the unconfined aquifer, the maxi-
mum area experiencing more than 0.1 ft of drawdown was
21 mi® (fig. 15).
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Effects of Varying Pumping Rate

The effect of pumping rate on ground-water discharge
to streams and springs was analyzed in the PUMP series
with five simulations in which the pumping rate was var-
ied from 75 gal/min to 1,200 gal/min while the location
and depth of the well were held constant. The well was
located approximately 3,000 ft from stream segment num-
ber 4 (fig. 10), and pumping was from the uppermost con-
fined outwash aquifer (model layer 3).

Capture of natural discharge, expressed as a percent-
age of the well discharge, was nearly constant among the
five simulations (fig. 21). Thus, simulations in this series
showed that capture of natural discharge to streams and
springs at any point was directly proportional to the pump-
ing rate of the well. This result is, in part, an artifact of the
assumptions used in constructing the model. Specifically,
the transmissivity of a hydrogeologic layer does not vary
with saturated thickness in this model. This simplification
was based on the assumption that the saturated thickness
would not change significantly due to any hydrologic
stress imposed on the model. If the transmissivity of the
aquifer layer were to change, then the response of the sys-
tem would no longer be dependent only on the pumping
rate and would not vary linearly with the pumping rate.

A large number of stream reaches and springs in the
lower valley were affected by pumping in scenario
PUMP.1 in spite of the low pumping rate of 75 gal/min
(fig. 22a). Simulated drawdown in the pumped aquifer
was between 2 and 3 ft in the cell containing the well but
was less than 0.5 ft over most of the basin.

A few additional stream reaches and springs in the
lower valley were affected when the pumping rate was
increased to 1,200 gal/min (simulation PUMP.4). Also,
the shape of the cone of depression of the well began to
show the effects of aquifer boundaries at the higher pump-
ing rate (fig. 22b). The effects are greatest to the south and
southeast of the well where the cone of depression reached
the bedrock boundary; since no flow can be induced across
this boundary, drawdown was more severe in this area.
The AOI for pumping rates of 75 and 1,200 gal/min were
46 mi” and 143 mi2, respectively (fig. 23). The effect of
boundaries to the aquifer on the AOI are evident in
figure 23, which shows a drawdown anomaly at the point
where the cumulative area reached 100 mi2,
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Effects of Varying Depth of the Pumped
Aquifer

The purpose of the DEPTH series of simulations was
to evaluate the effect of the depth of the pumped aquifer
on capture of ground-water discharge to streams and
springs. In this series of simulations, the well pumped
from successively deeper model layers at a location
6,000 ft east of stream segment 4 (fig. 10). The depth to
the center of the pumped aquifer ranged from about 20 ft
to 250 ft in the five simulations. The pumping rate in each
simulation was 300 gal/min. Simulations DIST.U.5 and
DIST.C.5 are part of this series because they simulated
wells pumped from layers 1 and 3, respectively; simula-
tions DEPTH.1, DEPTH.2, and DEPTH.3 simulated wells
pumped from layers 5, 7, and 9 (see table 4).

When the well pumped from the unconfined outwash
aquifer (model layer 1), 85 percent of well discharge came
from capture of discharge to streams and springs on the
upper drift plain. Simulation of pumping from succes-
sively deeper aquifers at the same location captures suc-
cessively greater percentages of discharge to streams and
springs in the lower valley (fig. 24). Pumping from layer 9
of the model increased the capture of discharge to lower
streams and springs from 15 percent to 46 percent
(fig. 24), with the increase about equally divided between
capture of stream and spring flows. Capture of spring dis-
charge on the upper drift plain also increased from about
4 percent when the well tapped the shallow aquifer to 6 to
8 percent when the well tapped deeper aquifers.

The effect of well depth on natural discharge to
streams and springs is even more marked in individual
stream segments. The shallow well (simulation DIST.U.5)
captured 70 percent of its discharge from stream segment
4 on the upper drift plain and only 12 percent from seg-
ment 9 in the lower valley (fig. 25). The deepest well
(pumped from layer 9; simulation DEPTH.3) captured
only 22 percent of its discharge from segment 4; the
decrease of 48 percent (144 gal/min) was partly offset by
increases in the capture from segment 9 of 24 percent
(72 gal/min) and from segments 1 through 3 of 12 percent
(36 gal/min).
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Effects of Varying Well Density

The effects of well density on capture of
ground-water discharge to streams and springs were ana-
lyzed with two simulations (WELL.1 and WELL.2).

In each scenario, it was assumed that 960 new
homes were to be built in the basin and that their water
needs would be supplied by ground water. The average
household water use was assumed to be 450 gal/d
(0.312 gal/min). This resulted in an average annual
demand of 300 gal/min from ground water. Each model
cell covers approximately 52 acres. Twelve acres of each
developed cell was assumed to be used for roads and util-
ity right-of-ways, leaving 40 acres available for homes.

The first simulation (WELL.1) assumed a moderate
development density of 3 homes per acre. Under this
scenario, the 960 homes could be developed within 8
model cells. Each of the 8 model cells contained a sepa-
rate 40-acre development of 120 homes and each develop-
ment (cell) had its own well. With a pumping rate of
37.5 gal/min for each of the eight wells, the total pumping
in the scenario was 300 gal/min. Four of the develop-
ments were clustered in the northern part of the basin and
four were clustered in the central part of the basin (fig. 10).

The second simulation (WELL.2) assumed a low
development density of 1 home per 20-acre parcel. Under
this scenario, the 960 homes were spread over 480 model
cells. The homes in this simulation were also divided
equally between the northern and central parts of the basin
for comparison with simulation WELL.1 (fig. 10). At this
density each home would have an individual well for
domestic water supply, with no significant pumping for
any other water use. The pumping rate for each model cell
was 0.625 gal/min and the total pumping for the basin was
300 gal/min. The aquifer developed in each simulation
was the uppermost confined outwash aquifer (model layer
3).

At steady-state, the effect of well density on the cap-
ture of discharge to streams and springs was minimal. In
both the high and low density pumping scenarios, most
well discharge was captured from streams on the upper
drift plain (table 5). Streams and springs in the rest of the
basin contributed approximately equally, with percentages
of captured discharge ranging from 11 to 21 percent. The

differences between the sources for these two scenarios
was remarkably small; the maximum difference was only
4 percent. Since the centroids of pumping for both simu-
lations were essentially the same, the cone of depression
expanded to approximately the same areas in each simula-
tion in order to divert the discharge required to offset the
pumping withdrawal.

In both simulations, the effects of pumping on natural
ground-water discharge rates were spread over broad
areas, minimizing the effects on discharge to individual
stream reaches and springs. Only a few stream reaches
and spring cells contributed more than 1 percent of the
total well discharge, and these were all on the upper drift
plain with most on stream segment 3 (figs. 32a,b).

The most noteworthy difference in the effects pro-
duced by these two pumping simulations was in the distri-
bution of simulated drawdown (figs. 32a,b). Drawdown
of 0.5 ft or more was simulated over an area of 25 mi? in
both scenarios. However, with low density development,
the maximum drawdown was only 0.8 ft, compared with a
maximum of over 4 ft for high density development. The
areas affected by drawdown were essentially equal for
drawdown greater than 0.5 ft and the AOI for both simula-
tions was about 145 mi? (fig. 33).

Table 5.--Sources of water to wells for simulations of the
effects of well density on ground-water discharge to
streams and springs

[Values are expressed as percentages of total well discharge]

Upper Upper  Lower Lower

Simulation streams  springs  streams  springs
High density

WELL.1 56 17 12 15
Low density

WELL.2 53 21 11 15

Difference 3 4 1 —(T
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Effects of Varying Recharge Rate

Six simulations were made in the RECH series to ana-
lyze the effect of changes in ground-water recharge on
capture of ground-water discharge to streams and
springs. Development in the basin changes the surface of
the land, affecting recharge. Generally, development
reduces recharge. Under natural conditions, a significant
amount of precipitation falls on and infiltrates pervious
soils, but under developed conditions it falls on impervi-
ous surfaces such as streets and roofs and is routed directly
to surface drains.

In some instances, however, natural recharge rates are
maintained or even exceeded in developed areas. This
generally occurs where household waste water is disposed
of in septic systems and cesspools. Another means of
increasing recharge rates is to route runoff from impervi-
ous surfaces directly into permeable soils through drains,
or “drywells”, as they are sometimes called. Both on-site
waste systems and drywells are efficient means of recharg-
ing the ground-water system because water does not have
to percolate through the soil zone where it is subject to
losses due to plant transpiration and evaporation. Unfortu-
nately, recharge from these sources is often of poor quality
and may not be a desirable addition to the ground-water
Ieservoir.

Each of these conditions, reduced and increased
recharge, would have an effect on the capture of ground-
water discharge to streams and springs by pumping wells.
The purpose of the RECH series of simulations was to
determine the extent and magnitude of these effects in the
hypothetical basin. The term “effective discharge”
describes the net withdrawal from the ground-water
system resulting from both we]l discharge and changes
in recharge rate caused by development. As an example,
if development occurs and a new well withdraws
600 gal/min and recharge is reduced by 300 gal/min
because of the increases in impervious surfaces, the effec-
tive discharge is 900 gal/min. The term is useful because
it allows comparison of scenarios that include both well
withdrawals and changes in recharge.

In the RECH series of simulations, it was assumed
that moderate density (3 homes per acre) development of
1,920 homes covers an area equivalent to 16 model cells
near stream segment 4 (fig. 10). The area is underlain by
recessional outwash deposits, and the average annual
recharge is estimated to be 27 in/yr. The per-household
water use is the same as was assumed for previous scenar-
10s (450 gal/day), and the average annual pumping rate for
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the development is 600 gal/min; all ground water is with-
drawn from the uppermost confined outwash aquifer
(model layer 3).

In simulation RECH.3, streets and other impervious
surfaces cover 27 percent of the area, and all runoff from
these surfaces is routed directly to ditches and is not
allowed to recharge the ground-water system. The area
has sanitary sewers, and no other measures are taken to
enhance recharge, so total recharge is effectively reduced
by 27 percent, or the equivalent of about 300 gal/min,
from natural conditions. The effective discharge for simu-
lation RECH.3 was approximately 900 gal/min. In simu-
lation RECH.4, the area is served by a sanitary sewer
system, but measures are taken to enhance recharge (such
as drywells and retention basins) and recharge rates are the
same as under natural conditions. The effective discharge
for this simulation was 600 gal/min. In simulation
RECH.6, recharge enhancement measures are taken and
the area does not have sewers. It was assumed that
50 percent of the water requirements of the household
move through the septic system to recharge the shallow
ground-water system. Thus, for simulation RECH.6, the
effective discharge rate was equal to the pumping rate,
600 gal/min, less the 50 percent that returned to the
ground-water system, 300 gal/min.

Because the natural recharge rate is highly dependent
on the hydraulic characteristics of the surface hydrogeo-
logic layer, three additional simulations (RECH.1,
RECH.2, and RECH.5) were made for an area adjacent to
stream segment number 4 that is underlain by till (fig. 10)
so that comparisons could be made of the effect of the sur-
face hydrogeologic layer. The locations of the wells in the
till and outwash scenarios could not be the same; however,
they were adjacent and had nearly identical proximity to
nearby boundaries (fig. 10). The same assumptions were
used regarding the percentages of impervious area and
recharge reductions as well as the percentage of domestic
water use available for recharge through the septic sys-
tems. The conditions for each simulation are summarized
in table 4.

In the till-covered area, reducing the recharge of
18 in/yr by 27 percent over the 1.3 mi? area of develop-
ment effectively reduced recharge by about 200 gal/min,
or one-third of the 600 gal/min well discharge for the
development. For simulation RECH. 1, the effective dis-
charge was approximately 800 gal/min. In simulation
RECH.2, recharge was maintained at the natural rate, so
that the effective discharge was equal to the pumping rate
of 600 gal/min. The third simulation in the till covered
area (RECH.5) had recharge increased by an amount equal



to 50 percent of the pumping rate or 300 gal/min; thus for
simulation RECH.S, the effective discharge rate was equal
to 600 gal/min less 300 gal/min, or 300 gal/min.

The percentages of effective discharge supplied by
capture of ground water that would have discharged to
streams and springs are shown in figure 34. Within the till
area, for the cases of reduced recharge and natural
recharge (RECH.1 and RECH.2; fig. 34), the percentages
of capture from various sources are identical. Although
these are percentages of the effective discharge, equal per-
centages do not represent equal rates of capture. For
example, 57 percent of the effective discharge rate was
captured from the upper streams in both the reduced
(RECH.1) and natural (RECH.2) recharge simulations;
because of the difference in effective discharge rates, this
represents capture of 456 gal/min from the upper streams
in the reduced recharge simulation and capture of only
342 gal/min in the natural recharge simulation (fig. 34).
By increasing recharge, as was simulated in RECH.5, an
essentially new source of water becomes available to off-
set discharge from the pumped wells. This additional
recharge was added to the water-table layer (layer 2 in this
case) while the pumped well discharged from layer 3. The
additional recharge resulted in additional downward leak-
age and additional water available to the wells, streams,
and springs at equilibrium.

The simulated drawdown distribution in figure 35a
reflects the effects of both the well discharge and the
reduction in recharge in scenario RECH.1. The cone of
depression is elongated parallel to the stream segment
with its shape strongly controlled by the boundaries to the
aquifer. There are several stream reaches in segment 4
with baseflow reduced by 3 to 5 percent of the effective
discharge rate of 800 gal/min. Additionally there are sev-
eral springs on the bluff above stream segment 9 that have
had discharge reduced by 1 to 2 percent of the effective
discharge. In contrast, increasing recharge to the till had a
noticeable effect on the drawdown distribution and on the
percentage of well discharge derived from captured base-
flow and spring discharge (fig. 35b). The cumulative areas
of drawdown (fig. 36) reveal that, at equilibrium, water
levels increase as recharge increases, and accordingly, the
size of the AOI decreases from about 133 mi for
decreased recharge to 97 mi? for increased recharge.
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In simulations RECH.3, RECH.4, and RECH.6, the
wells pumped from the uppermost confined aquifer where
itis overlain by a till layer and a recessional outwash aqui-
fer. Reducing the natural recharge rate of 27 in/yr by
27 percent over the 1.3 mi? area of development resulted
in an effective reduction of recharge of about 300 gal/min.
Combined with the well pumping rate of 600 gal/min, the
effective discharge from the system was 900 gal/min.
Because of their locations, these wells captured a large
percentage of their discharge from baseflow to stream seg-
ment 4. The primary reason was that the outwash aquifer
provided discharge to the stream, and pumping the wells
induced a stronger downward vertical hydraulic gradient
and greater flux from the surficial outwash aquifer,
through the till, to the pumped aquifer. Figure 34 shows
that there are slight differences between the reduced and
natural recharge simulations, but the relative sources of
water to the wells are similar. Due to the difference in
effective discharge rates for the reduced and natural
recharge simulations, the rates of capture are not the same
even though the percentages are similar.

With reduced recharge (RECH.3, fig. 37a), pumping
in the area underlain by outwash resulted in less simulated
drawdown than pumping in the area underlain by till
(RECH.1, fig. 35a). Pumping from the aquifer underlying
the unconfined aquifer adjacent to the stream had a signifi-
cant effect on the upper reaches of segment 4; several
reaches had baseflow reduced by 5 to 10 percent of the
effective discharge rate of 900 gal/min and a total of
61 percent, or 550 gal/min, was captured from baseflow to
segment 4 alone. Comparison of figures 37a and 37b
shows that increasing recharge, and thus decreasing the
effective discharge from 900 to 300 gal/min, greatly atten-
unated the effects of pumping on individual stream reaches
and springs. The effect of increased recharge on the draw-
down distribution is illustrated by the cumulative draw-
down areas shown on figure 36. Increasing recharge in the
area covered by outwash resulted in greater reductions in
the effective discharge rate; the rate was reduced from 900
to 300 gal/min in the outwash area, compared with a
reduction from 800 gal/min to 300 gal/min in the till area.
In spite of this, the simulation results show that effects on
discharge to streams and springs were attenuated when
recharge was increased in the till area. As an index of the
change in drawdown caused by increasing recharge in
each area, the AOI for pumping in the outwash area
decreased by 20 mi2, compared with the 36 mi? decrease
for pumping from the till area (fig. 36).
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SUMMARY AND CONCLUSIONS

The effects of ground-water withdrawals on stream-
flow have become an issue of major concern in the Puget
Sound Lowland of western Washington as continuing pop-
ulation growth increases the demand for water. Surface-
water resources are completely allocated in important seg-
ments of the region, and future growth there will most
likely depend on the availability of ground water. Though
the basic nature of interactions between the ground-water
and surface-water systems is well known, the details of
these interactions in small basins of the Puget Sound
Lowland are not well understood. Ground-water develop-
ment will, in most cases, affect the baseflow to streams.
The lack of understanding about the details of the hydro-
logic system is due to a number of factors, but the most
important may be the complexity of the Quaternary geol-
ogy of the region. Repeated series of glacial advances and
retreats, punctuated by interglacial periods of deposition
and erosion, created an extremely complex system of aqui-
fers and confining layers through which ground water
passes as it moves from recharge areas to discharge points
at streams and springs. The lack of understanding is com-
pounded by the difficulty and expense of collecting the
data necessary to characterize these systems. Finally,
many of the traditional tools for assessing the interactions
between ground water and surface water are either too
simplistic to be useful (analytical models) or too complex
and expensive (numerical models) to be practical for solv-
ing site-specific problems that face regulators. Nonethe-
less, regulators must maintain minimum streamflow and
protect the interests of surface-water rights, so they need a
more detailed conceptual understanding of the effects of
ground-water withdrawals on streamflow to help guide
decisions.

The purpose of this study was to provide a better
understanding of relations and interactions between the
ground-water and surface-water systems in small basins of
the Puget Sound Lowland and, particularly, to identify
some of the important factors controlling the response of
the systems to ground-water withdrawals. The primary
tool in this investigation was a numerical ground-water-
flow model. The model was developed for a hypothetical
basin in the Puget Sound Lowland and was based on a
conceptual model synthesized from the work of many pre-
vious investigators in the region. Topography, geology,
drainage, and climate were defined for the 262 square mile
hypothetical basin. Hydrologic conditions simulated by
the numerical model, such as ground-water levels and dis-
charge to streams and springs, were compared with condi-
tions typical of the region, and model parameters were
adjusted until simulated and typical conditions agreed
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closely. The calibrated, or baseline, model was then used
to simulate the effects of ground-water withdrawals on
discharge to streams and springs under a variety of scenar-
ios. Seven series of scenarios were simulated in which the
effects of 1) distance from the well to a stream, 2) the pres-
ence of a confining layer, 3) pumping rate, 4) depth of the
pumped aquifer, 5) distance from the well to a bluff, 6)
well density, and 7) recharge rate were evaluated.

The results of each simulation were compared with
the baseline model results to compute the percentage of
the well discharge that was derived, or captured, by divert-
ing flow that otherwise would have discharged to streams
and springs. All simulations were of equilibrium, or
steady-state conditions. That is, they simulated condi-
tions after water levels had adjusted to the pumping stress
and no changes in ground-water storage were occurring.

The central part of the hypothetical basin is a drift
plain composed of layered Pleistocene glacial drift and
interglacial sediments bounded on the east and south by
low-permeability Tertiary bedrock and on the west and
north by steep bluffs. At the base of the bluffs, 200 to
600 feet below the drift plain, lies a broad valley drained
by a major stream. The valley contains up to 500 feet of
alluvium consisting of a heterogeneous mixture of gravel,
sand, silt and clay. The drift plain has relatively low relief
and the streams that drain the plain have low gradients
until they descend the bluff to the major stream valley;
where the stream crosses the bluff it has incised a deep
canyon, exposing the drift deposits. Recharge to the
ground-water system depends on annual precipitation and
the permeability of the geologic layer at the surface. The
mean annual precipitation in the basin is 44 inches per
year and the recharge rate in areas where the more perme-
able outwash deposits are exposed is 27 inches per year
compared to recharge of only 18 inches per year in areas
where the less permeable till is exposed; till covers most
of the basin and the average recharge is 20 inches per year
(389 cubic feet per second).

A three-dimensional numerical model of the
ground-water-flow system of the hypothetical basin was
constructed using the U.S.Geological Survey’s MOD-
FLOW model. The ground-water system was subdivided
horizontally into a regular grid of cells, each having
dimensions of 1,500 feet per side; 50 columns and 70 rows
were included in the grid. The vertical dimension was
subdivided using 13 layers of cells. Three glacial
sequences, each consisting of recessional outwash, till,
advance outwash, and interglacial deposits, were part of
the conceptual model of the hypothetical basin. Each
hydrogeologic layer was simulated using a separate model



layer and, therefore, the three glacial sequences made up
the upper 12 layers of the model. Beneath the drift plain,
the 13th (bottom) layer represented undifferentiated gla-
cial and interglacial deposits. The Quaternary alluvium
underlying the major stream valley was represented in
layers 9 through 13. The lower boundary of the model
represented the contact between the Quaternary unconsoli-
dated sediments and the consolidated Tertiary siltstones
and mudstones that form a low-permeability (no-flow)
boundary to the model.

Thickness and hydraulic characteristics of the hydro-
geologic layers were initially assigned on the basis of val-
ues published from previous investigations in the Puget
Sound Lowland. Values of hydraulic characteristics were
modified during model calibration to provide a better fit to
expected hydrologic conditions in the hypothetical basin.
The horizontal hydraulic conductivity of the glacial
sequences ranged from 0.25 foot per day and 1.0 foot per
day for the till and interglacial confining layers to 100 feet
per day for the outwash aquifers. The alluvial deposits of
the major stream valleys were assigned a value of 50 feet
per day and the undifferentiated deposits a value of 25 feet
per day. Ratios of horizontal to vertical hydraulic conduc-
tivity ranged from 10 for outwash and alluvial aquifers to
100 and 200 for till and interglacial confining layers. Each
layer was assumed to be homogeneous.

Ground water generally flows downward beneath the
principal recharge area on the drift plain and then flows
laterally from the south and east toward the primary dis-
charge areas, where it flows upward. The primary dis-
charge areas are the major stream valley and the springs
that discharge on the bluffs to the north and west; how-
ever, shallower, local flow systems also discharge to
streams and springs on the drift plain. In the baseline
model, 73 percent (285 cubic feet per second) of the
ground water discharged to the major stream valley and
springs on the bluffs; the remaining 27 percent (104 cubic
feet per second) discharged to streams and springs on the
drift plain. The proportions of discharge to the major
stream valley and the drift plain were reasonable on the
basis of expected baseflow to streams on the drift plain of
100 to 175 cubic feet per second. The simulated range in
specific discharge to streams on the drift plain of 0.3 to
3 cubic feet per second per mile also compared well with
the expected range of 0.8 to 3.9 cubic feet per second per
mile based on gain-loss data for a small watershed in
southwest King County.

The following principal conclusions were drawn from
the simulation of various pumping scenarios.
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A well pumped from an unconfined outwash
aquifer that is in contact with a streambed will
capture nearly all of its discharge by diverting
flow from the nearest reaches of the stream.
Increasing the distance between the well and the
stream allows the well to capture some discharge
from other streams on the drift plain, but does not
affect discharge to springs on the bluffs or to the
stream in the lower valley.

When a confining layer separates the nearest
stream from the pumped aquifer, the effects of
pumping spread over a much larger area. The
low-permeability confining layer forces the cone
of depression of the well to extend to greater
distances to divert the natural discharge required
to offset pumping.

The presence of a confining layer between the
well and the stream is more important than the
distance between the well and the stream in
determining the distribution of capture of natural
discharge throughout the basin.

At equilibrium, the magnitude of drawdown and
capture at any point are a function of the
pumping rate.

As the depth of a well and the number of
confining layers between it and discharge areas
increases, capture of discharge to streams and
springs is distributed over increasingly larger
areas.

The bluffs are important hydrogeologic
boundaries. Discharge to springs on the bluffs is
very sensitive to the distance of wells from the
bluffs.

The density of wells does not have a significant
effect on the equilibrium distribution of capture
of natural discharge; however, higher well
densities result in greater local drawdown effects.

Impervious areas associated with development
can reduce ground-water recharge. Natural
discharge to streams and springs will be reduced
by an equivalent amount, in addition to the
reduction due to capture by wells. Artificially
enhancing recharge to exceed natural recharge
rates will increase natural discharge to streams
and springs and can offset capture of natural
discharge by wells.



These conclusions are based on the simulated equilib-
rium response of the ground-water flow system in the
hypothetical basin to the various pumping scenarios. The
results of the steady-state (equilibrium) model are a very
simplified representation of a system that, in reality,
changes temporally in very complex ways. The equilib-
rium model allows evaluation of scenarios based on their
long-term (equilibrium) effects, but simulation of the tran-
sient response of the system to seasonal variations in
pumping or to long-term climatic changes (drought)
would allow greater insight as to the time required to reach
equilibrium and to the short-term as opposed to long-term
response in different parts of the system. For example,
when pumping from a confined aquifer near a stream on
the drift plain, drawdown in the confined aquifer may be
transmitted very quickly to the bluffs where it captures
discharge to springs, whereas capture from the nearby
stream may take much longer because of the time required
for the drawdowns to be transmitted across the confining
layer. Development of a transient version of the hypothet-
ical basin model would involve (1) estimating values of
storage coefficient for each hydrogeologic layer, (2) esti-
mating the seasonal distribution of recharge in the basin,
and (3) calibrating the model to expected conditions.
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